


.- 

July 20, M65 

Research Study of the Defamation 
Characteristics of Serd-Brittle mteriah 
Uader Ultza-Htgh Hydrostatic Reasues 

mrch 25, 1965 - June 23, 1965 

Contract HAm-1199 

to 

aJatIona1 Aeronautics a d  Space Administratioa 
Washington, &C. 

Fressaute T.echnology Corporation of &ner&ca 
453 Amboy Avenue 

Woodbridge, New Jersey 



Please it& encPosed one copy of the Firet Quarterly 

Report entitled "&search Study Q€ the Defof-mztfurn Charac- 

teristics of Semi-Brittle MatesAals Under Ultra-H%lghr 

Bydrostatic Pxsssuxes': produced d e x  contract No. 

NASW-1199, €a the National Aerolldlutdcs and Space 

Administration. 

Pours tiruky, 

AB:dm 
a,. 

A l f r e d  Bobrowsky / 
k e s i d e n t  



9 



. 



3, a d i r e c t  a d  aiingle processs fox working 
BdllLets of cryetalline materialo d e r  
high f l u i d  pressure i o  a process f t r s t  
t d  f lutd-to-f luid extruston Bn refa- 
mce 1. 

materis1r was performed a predecessor contract far 

NASA, Final  Bepszt listed as reference 2, 

matezhls to be worked are coneider& dflffdcubt t o  de- 

form w i t h o u t  fracture a t  toom temperatme. For this 

reimsm, it was anticipated that investigation w o u l d  be 

requized not only on the elementary process but ale0 tm 

such variables ae  dde design, lubrltcatltcm, a d  the 

possible necesaaity sf sheathing ehe material t o  be worked 

frsm contact with the! 1iqui.d. The effece of k i q a d  in 







&n fiteratrace e8 fa refereace 6. In zeferences such as 

refareincs 6 ,  rtlnisl behavior is depicted as Q vrucllat%oea of 

d u c g i l i t y  in Oensile 8;e8fS 88 a function of envfitonrnantah 

pressure. 

(BDTP), the flow sB;areacl exceeds the fracture etress so 

that fracture is br i t t l e ;  the reverse occura abave the 

S D T P O  

Belo# &e brittfe-ductile txansitioa pressure 

SemL-britt18 materials are materials whose flaw a d  

Eracture atresees are nearly equal a t  roam temperature 

and atmospkexic pzeeeure., Tf the brittle ccmd%a;ion per- 

s iate  for Q conetdesable hcreese jLrr envbronmmrtal pres- 

sure &/or tenpezature, the mater:is& is  more nearby 

texmed bri t t le .  

I t l l o  mtpsis 

TWO analyahs replressnts preliminary thinking an 

rmcroscopic cotasideratboss ae the BDT, 

The late pr. P.W. Bridgman in hkrs book on p h a t i c  

f l o w  (reference 7) fourad it dif f icul t  t o  see how a ten- 





Af- o materdnl io in the ductLle s t a t e ,  &t w i l l  

the fracturo and fl- sbsaoes are nearly equal at  the 

atreor there. also, 

As eaviroaareatal prersurs rise8 Wbr than the 

for a whileo This m y  actually be Q moaifelrtetioa of 

actually have a high flar O t Z m ? S  typical of the materisl 

in a more f a l y  duct i l e  condition, but other portions of 
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*e material in e bardneasr t e s t  would  ordinariliy ex- 

c d  the teasfle strength as by emventitma1 





S t  a w e  tbat the crack wiLX greatly banper adequate 

P u r t i a w  of t b  aiobiulcr-tip w i r e  were cut fato 

t o  a 400 included q L e ,  and the billet waa placed in a 

400 die. A -11 of beeswu was employed as the 
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ABSTRACT 

A kinercetically admi~8ibl.e ve loc i ty  field and the re- 

sulting extrusion pressure characteristics, as solved 

earlier for nm-strain hardening materials, are first 

presented again. Effective strain rates a d  e f fec t ive  

strains are computed, and the effects of strain hardening 

and s t rah  rate sensitivity on the process are evaluated 

/a”” 
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power supplied by extrusBon pressure 

power to overcome receiving chamber pressure 

internal. power of deformation 

shear power as over surfaces I1 and E I 

Frliction power loss over surfaces andf4 

cone semi-angle of d i e  

optimal d i e  angle 

bowary of velocity discontinuity 
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strain rate 
._ 
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y i e l d  fiarit i n  uniaxial tensile test 

shear stress 

effective strain 

effective strafn rate 

average eff ac tive s trafn 

avexage effective strain rate 

ideal effective strain 



sv'i.scz-fpts 

1, 2, 3, 4 surfaces as shown in figuare 2 
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?K?M%!4TXCAuY ADMISSIBLE VEUXXTY FZKU) 

As prese~zed in previous stcdies (ref. I and 2) of the 

process, olfie asslanption is made that the die is a xdgfd 

b d y  of the geometry shown in figure 1, A kltnensatially 

admissible velacity field is described i n  figure 2, The 

wiace is dilvided l n t o  three regions fra which the velocity 

field is continuous. In zone8 L and 111, the velocity is 

kurifczzm and has only an axial component, In erne I the 

velocity is vo while in zone 111 the velocity i s  vg0 

Due to volume constancy, 

In zcme IZ the velocity is direc ted  towards the 

apex (0)  of ths cone, with cylindrical spne=y3  

In the spbetfcsl eoordhated 8 ( r q , e 9  the velocity 

components are: 

Across the bowuliariee and the components of 

velocity normal to ehe surfaces and 5 age continuous, 

, 
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POWER BALANCE 

The upper bound theorem as presented by Prtngeh on 

page 237 of reference 3, slightly adjusted for this case, 

reads  

to-fluid (hydrostatic) extrusion. 

Supplied power, 
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i r? so 
Substituting the terms into the volume Irategral and 

assuming a constant value for the flow stress$ l e a d s  to:  

where 

the function will be shown t o  measure the 

relative average e f f e c t i v e  strain. 

mcTIoP? AND SHEAR LOSSES 

Over the surfaces of velocity discontinuities 8h-r 

stress cannot exceed the value of 



When friction ts assumed to  obey the canstant shear 

factor ]Law 

r= ~ 5 1  
f i  

frictlan losses becolpe: 

and 

When frtct ion i s  assumed to obey Coulomb's law of 

f r i c t ion  



d r i c  tion lossss become: 

To guah the b f l l e t  against the pressure a t  the oe- 

ceiving chamber, the power required is: 

When the value8 of the individual  term of equations 

(lo), (13), (161, (17) and (19) are eubstitsuted into equa- 

tion (7), the resulting required extrusion pressure for 

non-strain-hardening meterfals becomes: 

a) For &e assuPGption of a constant fr ic t ion  factor; 
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where f(A) 18 defined fn equation (LO) and is presented b 

table 1, for ~ & Q D  h imr--ts 06 QS~B d e p e e  for E 
6 

The extrusion pressure is  expended to: 

1, Overcame the pressure a t  the Bow pressure chamber, 

2, overcome the resistance of the merial to internal 

deformation -- part of which is  called the ideal 

power of deformation, 

The other part provides some of the exce8s power 

of deformation 

3. The other part of the redundant power of deform- 

tian is the shear over surfaces and Gs given 

by equation (LZ), 

4, Friction losses over the surface of the dfe are 

gtven by equations (16) and (17) 

OPTIMAL COME ANGLE 

Friction tosses are very high for wery smll cone 

angles, dropping t o  2-0 for 8 square die, 

is  zero w i t h  zelro cone angle and increases as the cone 

angle increases, 

Redundant power 

The corebbed effect on zhe yzessrure is 



giwen &SI figwe 3, showing an optimal cone angle, which 

minimizes the required axtrusfon presswe, see references 

4, 5, 8ad 6. 

Tihe value of the optimal cone angle %e approximated 

(references 1, 2, a d  7) by: 

a) For the assumption of a constant frictian factor 

b) Bar Coulamb, friction 

EFFg(=TlCVE STBAllN RATES AND EFFECTWE STRAIN 

To account for the effects of strain hardgning a& 

straiserate sensit ivity,  the effective strain rates and 

effective strains are t o  be evaluated. 

The effective strain rate is an accepted measure of 

the combined effect of the components of strain rates. 

is a means of comparison between different modes of straining, 

The effective strain rate is defined by: 

It 
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Substituting the values of the serain rates from equa- 

tion (9) into equation ( 2 4 )  l e a d s  t o  

The effective strain rate is a fuactim of r a d &  Of 

interest: is the total s t ra in  aft- each material point 

passes through the die, Since the saterial moves obl radial 

lines with constante, the total strain is computed by 

intcgratian with respect to r as follows, 
t. 

@ =j P d t .  
f =0 

it follows by equation (2) for v that 

l,-- 
l eads  t o  
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The effective streth  is bighest at the surface of the 

tn entrance cone angle cause an increase in the effective 

me cmlat ive  effective 8tra911 of the extrded pro- 

duct,  found when r - rf ,  is 
I 

A t  r = rg the substitution 

l e a d s  to  

This is the definition of the i d e a l  effective strain when 

no distortion OccursO The amount 02 strafn at the center 

(R = 0 )  is the same as at the aurface (R 

relative effeckive strain be d e f i n d  BE fol.Ecl.;:s: 
R f )  

Lee the 



Equation (34) i s  described ia figure 4 where the relative 

effective ~a"traLn for various cone angles i s  plotted v5,the 

distance from &e center of the rad. 

1, 

20 

30 

For 

Large reductions, Large cone angles, and %nereased d i s -  

tance from the axis  of aymnetry a l l  cause an inexease in  

the effective s t r a b  and, hmce, higher hardness, strength, 

and brittleness, itesullts of m?crobrdnesa dtstzfbution 

terats are shown in figure 

of reference 6 ,  See also rcefetences 9 -and 10, 

takc:v; frrim 
of reference 8+md-fi.gus@ 22 

h 
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the surfaces and as shear, 

The relative average effective strain is exgrcsss& 

by the function 

strain rata at the surface is incrreasfng steep'l,yo '&ea 

v 9 0 °  b the effective straln at the surface a p p ~ ~ ~ h e s  

inf in i ty  (see equation (34) and figtare 41, Isi s p i t e  of 

that behavior (because the s t x a h  at fhe swface  is m l y  

skin deep), the average effectgive straPrs changes on ly  

d e r a t d y  with (see able? 1)- 



aubatftution of the values of the serain rates of equsitfart 

( 9 )  into equation ( 4 3 )  and performing the integration 

results in 

T b  relative average effective strain rate becomes 
- 

(48) 



in the average effective strain rate. An increase fn 

cam angle causes i n i t i a l  increase in the average affectLve 

strafn rates. But as the cone angle approaches 30*, and 

SE a dead zone doe$ not form, the reverse happene. Noticing 

age vaaue between the bi l le t  and the product becomes 

"he stress-strain curve w i l l .  prov5de the f l o w  stress 





the materia1 5s not sensitive t o  etrain rates, Incremlng 

value8 of n indicate an increase in strain-rate eensitivit~r, 

!%e value 06 8 is the f lw etress of the material for a 

unit ( 1  J / I  (./unit time) stxafn rate, 

Lead, for example, based on Ysng's (reference 11) 

graph, bas r e c o d e d  values of s = 2+57 and a = O J 2 ,  

(See reference l2), 'phe effectfva strain rate CBP be 

taken as tbe average recommended by equation ( 4 7 ) ,  
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10 
11 
I2 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
2s 
26 
27 
28 
29 
30 

1,00023 
1. , UOO31 
1,00041 
1,00052 
1,00064 
E, 00078 
L , 00093 
a, 00109 
1,00u7 
1 , 00146 
1,00167 
1, 00189 
1,002lZ 
1,00237 
1,00264 
1,00292 
1,00322 
1,00354 
1, M387 
1,00422 
1,00459 
1,00498 
1,00538 
1 , OQS8l. 
1,OO625 

0,069915 
0,081611 
0,093327 
0,lOSOt 
0,11683 
0,3.2862 
O,lL4045 
0,15231 
0,16421 
0,17614 
0,18813 
0,20016 
0,21223 
0,22437 
0,23636 
0,24881 
0,26112 
0,27350 
0,28595 
8,29848 
0,31108 
0,32377 
0,33653 
0,34939 
0,36234 

---- 
31 2,00572 

33 1,00772 
34 1,00825 

32 1,00721 

35 1,0081 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

1,00930 
a p OLO00 
1 , 01063 
1,01129 
1,01198 
1,01270 
1,01345 
1,0&423 
1, 01505 
1,01590 
1,01679 
1,01772 
1,01869 
1,01970 
1,02075 
1,02185 
I,U2300 
1,02420 
1 , O2%6 
1,02677 
I, 02814 
1,02958 
1 , 03108 
1,03265 
1,03430 

_ u c I _ P  

0,37538 
0,363854 
0,60180 
0,41516 
0,42864 

0 , 44224 
0,45596 
0,46981 
0,48380 
0,49792 
0,51218 
0,52660 
0,54117 
0,55590 
0,57080 
0 , 58587 
0,BOlll 
0,61655 
0,63217 
0,64800 
0,66403 
0,68023 
0,68674 
O , ? U 4 4  
0,73037 
0,74755 
0,76498 
0,78268 
0,80066 
0,8189 1 

66 1,04605 
67 1,0483~ 
68 k,05082 
69 h,Q5%8 
70 S,f)56%3 
71 1,05900 
72 1,062U 
73 L,06526 
74 9,0686;" 
75 1,07228 
76 1,07611 
77 1,08018 
78 1,08451 
79 1,08912 
80 1,094M 

82 L,LQ48F 
83 1,111087 

1,11727 
$5 1,72413 
86 1,1314E 
87 1,13935 
88 1,14780 
89 i,isGat 
90 1,16660 

81 1,09928 
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THE DIE 

Pigura 1: me die and wire in wire drawing and extrusion. 
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FIGURE 2: A KINEMATICALLY ADMISSI3LE VELOCITY FIIZD 
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